Abstract. This paper proposes a new design for miniature camera module, which is mainly used to realize optical image stabilization for mobile device with dual-camera. It can compensate the 3 degrees vibration disturbance introduced by the user's hand-shake. Finite element analysis (FEA) and design of experiments (DOE) are introduced to find the optimum design. Controller design and simulations based on actual hand-shake data collected from the gyro sensors are presented. Simulation results show that the designed camera module can compensate hand-shake up to 50Hz in 3 degrees.
Introduction
For more than a decade, Image Stabilization (IS) technology has been considered essential to delivering improved image quality [1] . Among methods to realize image stabilization, including Digital Image Stabilization (DIS), Electronics Image Stabilization (EIS) and Optical Image Stabilization (OIS), OIS is the most effective method for removing blurring effects from hand-shake. The mobile phone with dual-camera developed rapidly in 2016. However, the mobile phone with dual-camera and dual-OIS rarely used. The two optical axes are not completely parallel due to the limitation of assembly errors during production, which increase the difficulty to combine the dual-camera with OIS. The realization of dual-camera combined OIS becomes an urgent problem to solve.
There are mainly two types of the OIS scheme-the lens-shift type and the module-tilt type [2] . Nowadays, the lens-shift type OIS is widely adopted, such as iPhone7. However, it's hard to solve the optical axis misalignment problem of dual-camera when adopting this strategy. For module-tilt OIS scheme, the dual-camera module can change the optical axis and realize the optical axis alignment easily before taking pictures. There are many kinds of actuators in miniature camera module, such as voice coil motors, ultrasonic motors, piezoelectric motors, liquid lenses and shape memory alloys. Among these actuators, the miniature VCM actuators have been widely used into miniature camera modules due to its low cost, small size, robust performance and high productivity characteristics [3] .
This study is dedicated to design a novel module-tilt OIS miniature camera module with VCM actuator. The design and validation of the OIS is completed by three parts of work: (1) Optimization of the OIS mechanism and the associated magnetic fields to maximize the torques generated by VCMs using FEA and DOE methods; (2) Establishing mathematical model of dynamics of VCM and designing the controller; (3) Performance simulation based on actual hand-shake data. The results show the proposed VCM design can reduce the effects of hand vibration up to 50Hz in 3 degrees.
Design of the OIS System

Design of the Camera Module
As shown in Fig. 1 , the designed camera module mainly consists of shielding case, spring, lens, sensor, coil, and magnet. The optical image stabilizer uses four VCMs for 3 degrees-of-freedom (DOF) actuation of lens. The actuator has compliant mechanism that is free from friction force. This design allows for the movement in the z-direction as well as rotation about the x and the y-axes. The hand-shake vibration is been identified as an oscillating signal with an amplitude less than 0.5 degrees and a frequency in the range 0-20Hz [1]. Furthermore, our design is aimed to achieve a bandwidth of 50Hz and a maximum tilt of 3 degrees with minimal tracking error. The improved performance may be required in the double OIS implemented camera module. There are four VCMs in the four corners of lens platform. Each VCM consists of two magnets, two yokes and a coil. The two magnets' South Poles are close together and the magnets are surrounded by coils. This design can make full use of magnetic fields and allow for more turns of coils. Therefore, the actuator can generate much more electromagnetic force than traditional design in a limited volume. 
Optimal Design of the VCM and Spring
Generally, the performance of the voice-coil is presented as the ratio of the generated force to input voltage. It is also called as sensitivity [4] . Note that the back EMF of VCM can be neglected due to the much faster dynamics of VCM electricity than motion of the moving lens. We can also define sensitivity as the ratio of force to input current. Equation of sensitivity is Fig. 2(a) shows the designed VCM. Most of methods used to compute magnet force rely on finite element analysis. We use CMOSOL Multiphysics (version 5.2a) to compute the distribution of magnet fields and the amplitude of electromagnetic force. The magnetic flux density distribution is shown in Fig. 2(b) .
To maximize the sensitivity, DOE is performed to optimize the VCM. The main variables are shown in Fig. 2(a) . Four variables are chosen as design variables, as shown in Table. 1. The four variables are considered as 2-level. Full factorial array is used in the factorial analysis. Fig. 3 shows the main effect plot. Through the DOE, the final design of VCM is obtained. The sensitivity of the final design is 324.9 / mN A and the maximum Lorenz force is 64.98mN . Let dz be the relative distance between magnet and coil, and the initial position of coil is at 0.3mm above the bottom of magnet. COMSOL is also used to obtain the electromagnetic force as a function of dz and current. Fig. 4 is a plot of the Lorenz force of VCM as a function of dz when current is 20 mA . For better modeling and control, a third-order polynomial curve-fitting was used to represent the COMSOL results. The polynomial function is 
Where i is the coil current.
The design of the spring should consider the 1 st resonance frequency, the maximum displacement caused by gravitation as well as performance requirements. The constraints are ,max ,max
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Dynamic Modeling
The motions of the new camera module include 3 DOFs: vertical motion along z axis for lens focus, rotation about x and y axis for optical image stabilization. As shown in Fig. 1 . The equation of motion in the z axis is expressed by
Where t M is the total mass of moving part including lens and magnet, t F is the total electromagnetic force of four VCM, s k is the equivalent stiffness constant and s b is the equivalent damping constant due to material damping.
For rotations about x and y axes, equations of motion are Notice each DOF can be deal with independently in controller design.
Controller Design and Simulations
Considering the rotation about the x and y axes, the block diagram of the closed control loop [5] is shown in Figure. According to the Control-Loop block, the angular rates detected by the gyroscope along rotation axis are integrated to achieve the relative angular displacement. The current position of the camera module is achieved by its Hall sensors. The controller can be obtained using the pole placement method, in which the closed-loop poles can be placed at the desired locations. The design of controller should notice that the maximum VCM's current is limited to 0.2 A [6] . The final designed controller To test the performance of the OIS system, actual hand-shake vibration data was collected from Xiaomi5 phone. Real-time data was collected from the gyro sensors while holding the phone for 1 second. Using Discrete Fourier Transform (DFT), we can get the frequency spectrum to identify the main frequency. Fig. 8 shows the time and frequency spectrum of a sample hand-shake signal. The sampling frequency of gyroscope is 100Hz, thus only vibrations below 50Hz were considered according to the sampling theorem. We can see that the frequency of actual hand-shake vibration mainly ranges from 0Hz to 20Hz. A simulation was performed with the actual hand-shake vibration signal as the input to the controller. Fig. 9 shows the vibration along x-axis, the counter-rotation of the platform, and the total lens rotation. It shows that the error of OIS system is within 0.1 degree. 
Summary
This research aims at designing a novel OIS system for miniature camera module with dual camera. FEA and DOE method were used to optimize the structure parameters to get the maximal electromagnetic force. Controller was designed and actual hand-shake data was collected to testify the performance of the OIS system. Results show that the designed camera module can compensate hand-shake up to 50Hz in 3 degrees.
In the future works, actual OIS platform will be fabricated and more experiments will be conducted to improve the performance of this design.
